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We present an asymmetric focused-beam trap of rubidium-85 atoms where the cloud volume only
varied with the trap laser intensity. By repumping on F=2 to F’=2 D2 transition, the Stokes Raman
scattering has strongly affected the population ratio in the two hyperfine ground states. With the
volume and trap number simultaneously and separately controlled, we have shown that the cloud
density can be monotonously manipulated from zero to the maximum value limited by the cooling
power. By solely varying the intensity of repump laser, the scheme for precision loading of exact 1-6
atoms in the FORT, which is beyond the practical loading limit of the blue-detuned light-assisted
collision, is described.
A few years after the first Magneto-Optical Trap
(MOT) had been demonstrated in 1987 [1], sev-
eral succeeding trap designs have been proposed
and verified with particular properties departing
from the six-beamed MOT. They may be classified
by mechanical protocols [2,3], and magneto-optical
conformation [4–8]. Though the MOT is still most
widely employed to prepare cold dense atomic cloud
from room-temperature vapor, today’s diverse ap-
plications demand traps with rather specific char-
acteristics.
Aiming at neutral-atom precision loading of
the far-off-resonance optical dipole trap (FORT)
for cavity QED experiments, the two-beamed
magneto-optical trap (TBT) [9], where transverse
momentum exchange arises as a result of focused
cooling beams, has been modified and investi-
gated. Our asymmetric focused-beam trap (FBT)
of rubidium-85 atoms comprises two confocal cool-
ing beams in the z-axis and two normal pairs of
counter-propagating repump beams on the trans-
verse plane. Besides F=2 to F’=2 transition for re-
pumping, the opto-magnetic configuration is sim-
ilar to the standard MOT. We have character-
ized the FBT to optimize independent parameters,
i.e. detuning and intensities of trap beams, mag-
netic field gradient, and background pressure, for
the highest trap number. After that the relations
among the cloud density, number of atoms, and
the total intensity of repump beams were studied
within two regimes. First is the multi-scattering
regime, where the fluorescence photons get reab-
sorbed and radiative pressure limits the density.
Second is the two-component regime, where the
photon re-absorption spills out atoms from the har-
monic trap and hence lessens the cloud density.
The quantitative analyses of the FBT manifest
a uniform cloud volume over the whole experimen-
tal range of atomic density and repump laser in-
tensity. The cloud volume was controlled by vary-
ing the trap laser intensity. Within both regimes,
we have demonstrated monotonous manipulation
of the cloud density through varying only the in-
tensity of the repump beams. Rough estimation of
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the repumper intensities for loading 1-6 atoms in
the FORT is also given.
Particularly for the focused-beam configuration
where the trap frequency is detuned by a few MHz
from an atomic cyclic transition, the associated pair
of light dressed states is strongly coupled and the
AC Stark Effect [10] responsible for spatially de-
pendent energy shifts is largely suppressed. With-
out the effect of light shift considered, the opti-
cal angular momentum induced through the mod-
ified wavefront would only throw atoms around.
For an atom moving toward the trap center along
the z-axis, the alternate optical resonances of the
two velocity components would yield a wavy clas-
sical trajectory during the Doppler cooling cycles.
The radial momentum transfers are averaged out
over many photon absorptions and emissions. If
the atom enters the trap region on the transverse
plane, the Doppler cooling reclaims its effective-
ness only on the outbound course because of the in-
stantaneous vectorial mismatch between the atomic
velocity and the spatially dependent wave vector
of the focused lasers. All in all, the FBT could
still provide three-dimensional cooling and confine-
ment owing to the transverse momentum exchanges
through atom-light scattering process.
In this work, all self-made external cavity diode
lasers employed cateye configuration [11]. For the
cooling beams, the linearly-polarized laser (diode:
DL-780-90) was divided with a polarization beam
splitter (PBS) into 68 mW and 2 mW of power.
The first one was locked at 5 MHz below the F=3
to F’=(3,4) crossover transition by using the feed-
back signal from the second weaker beam that was
sent to the single-beamed Doppler-free saturated
absorption spectroscopy (DSAS) [12]. The cool-
ing beam was injected into a double-pass 80 MHz
acousto-optic modulator (AOM). It was then am-
plified at a tapered chip (EYP-TPA-0780-01000-
3006-CMT03-0000) before doubly passing through
a 110 MHz AOM. This section permits both vary-
ing the intensity and shifting the frequency within
a range of 20 - 100 MHz from the atomic transition
as mentioned. Single-mode optical fibers were used
as laser waveguides that separated the beam prepa-
ration from the experimental space around the rect-
angle rubidium cell (1.00 cm × 2.00 cm × 9.75 cm
of inside dimensions). Right after the outward-
bound fiber coupler, the cooling laser was ex-
panded, equally split and polarized into two σ+
and σ− Gaussian beams. Identically on both sides,
a 32 mm-focal-length lens and a 0.76 NA lens
(ACL50832U-B) were combined to tightly focus
each cooling beam before counter-propagating with
the other to form a confocal arrangement along the
z-axis at Fourier plane separation of 1.00 cm.
During the experiment, the repump laser (diode:
L785P100) was kept locked using similar DSAS
configuration at the frequency 2.7 MHz above the
F=2 to F’=(1,2) crossover transition. A pair of
half-wave plate and PBS helped to attenuate the
power of the repump beam before getting expanded
from 1.62 mm to 6.82 mm of diameter. These
beams provide the overlap volume well covering
the whole cooling region. The repump laser was
split and circularly polarized in the same manner
as the cooling one. Two normal pairs of counter-
propagating repump beams lying on the xy-plane
intersect the trap beams at the center of the borosil-
icate glass cell coinciding with the zero magnetic
field from the anti-Helmholtz coils.
The experiment began with an ergonomic opti-
mization of the FBT to find a set of independent
parameters close to the maximal efficiency pertain-
ing to the highest trap number (N). The optimal
magnetic field gradient (∇B), background pressure
(P ), detuning (δc) and intensities (Ic) of cooling
beams were determined and concluded in Table 1.
According to the broad plateau of the cloud density
(ρ) vs. ∇B observed beyond 15.0 G · cm−1, we only
executed experiments at 16.48 G · cm−1. In order
to verify that Ic = 4.95 mW · cm−2 is well within
the multi-scattering regime, a series of experiments
for ρ vs. Ic has been conducted at four fixed values
of repump intensities, i.e. Ir = 0.33, 0.62, 2.48 and
17.48 mW · cm−2. With all parameters defined, the
physical connections among ρ,N, and Ir can be in-
vestigated by varying the repumper intensity from
0.21 − 17.85 mW · cm−2. Three ρ vs. Ir experi-
ments performed at Ic > 4.95 mW · cm−2 are to
confirm the consistency of parametrical setup.
To get a large damping rate for cooling in the
z-axis, we have detuned the trap laser by -12 MHz
from F=3 to F’=4 transition which is approxi-
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Table 1: Independent parameters optimized for this
work.
Control Parameters N vs. Ic N vs. Ir
Ic (mW · cm−2) 1.15− 10.36 4.95− 9.92
δc (MHz) −12 −12
Ir (mW · cm−2) 0.33− 17.48 0.21− 17.85
δr (MHz) −12 −12
∇B (G · cm−1) 16.48 16.48
P (mbar) 6.04× 10−9 5.83× 10−9
mately two times of the decay rate. By slowly
changing the external cavity length, the frequency
scanning has identified two comparable maxima of
the florescence signal at the repumper detuning
(δr) of -75.4 MHz (F=2 to F’=3) and -12 MHz
(F=2 to F’=3); the transition generally engages in
the standard MOT. However, -75.4 MHz (F=2 to
F’=3) detuning which is equivalent to δr=-12 MHz
(F=2 to F’=2), does not lead to a shared excited
state, therefore, the stimulated Raman transition
was suppressed. The spontaneous Raman photons
from the repump beams were used as the control
over the trap number. Taking this into account,
we applied -12 MHz (F=2 to F’=2) of detuning to
the repump beams, and overruled the information
of the bright state population by simultaneously
probing the cold atoms in both ground states, i.e.
F=2 and F=3, using repump and trap lasers re-
spectively.
The number of rubidium-85 atoms were esti-
mated from pictures of the cold cloud taken while
in steady state by using fluorescence imaging tech-
nique (EMCCD camera: Andor iXon 897) and
Gaussian fitting routine. Since the cloud geome-
try was best described by an oblate spheroid, the
volume of the ensemble was calculated using the
radii along two semi axes that correspond to e−1
peak signals. The temperature was estimated em-
ploying the free expansion method. The studies
of the effect of trap beam and repumper intensi-
ties were carried out with increasing and decreas-
ing fields respectively while maintaining the trap
geometry, beam sizes, and polarizations. Few data
points had been repeated to check for parametric
consistency and were inclusive in the analyses. The
quantities measured were averaged over ten identi-
cal experiments successively repeated. All coher-
ent optoelectronic and magnetic operations were
controlled by a self-made timing sequence gener-
ator with < 100 µs of resolution. Unless other-
wise stated, physical values in the following dis-
cussion are related to Ic = 4.95 mW · cm−2 and
Ir = 17.48 mW · cm−2 that gave the maximum den-
sity.
At the optimal control parameters, the harmonic
trap depths of the FBT were roughly estimated to
11.04 K and 11.73 K in the z-axis and on the trans-
verse plane respectively. The gaseous spheroids
were flattened along the z-axis by approximately
30% of the radius from a perfect sphere and the
largest volume has semi-axis lengths of 237 µm and
310 µm. While varying the cooling power, the load-
ing times placed between 387 ms to 634 ms were al-
most independent of the repumper intensity. The
lowest temperatures measured of the cloud were
41.7 µK on the shorter semi-axis and 270.9 µK
on the radial direction. The Doppler temperature
of 145.6 µK for Rb-85 atoms suggests that the po-
larization gradient cooling was not as effective as
in the standard MOT along the symmetry axis and
has not been activated on the plane containing mi-
nor axes probably due to the heating effect of the
Stokes Raman scattering.
The maximum density observed was 3.35 ×
109 cm−3 at optimal conditions, i.e. Ic =
4.95 mW · cm−2, and Ir = 17.48 mW · cm−2, and
almost constant within 20 µm of radius from the
trap center in all directions. At a fixed Ir, the
trap beam geometry confined atoms within 6.20−
13.7 × 10−5 cm3 of volume bounded by two solid
lines in Figure 1a. The behavior of ρ vs. Ic
shows non-monotonic relation within the multi-
scattering regime which is of interest in this work.
We varied Ir to further investigate the FBT in
the multi-scattering and two-component regimes
with different values of Ic (Figure 1b). While the
standard MOT demonstrates constant density up
to N = 1010 [13], the tight confinement of the
FBT seems to impose strong restriction on both
density and the trap number to undergo changes
with Ic at the same rate as illustrated in Figure
1b. The linear relationship of ρ vs. N implies
constant volume throughout the experiment where
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four measures of 8.75×10−5, 9.54×10−5, 1.55×10−4
and 1.80 × 10−4 cm3 were observed at Ic = 4.95,
6.29, 8.64, and 9.97 mW · cm−2 respectively. This
feature also implies that the cloud volume only
changed with Ic and not Ir. Counting atoms in
both hyperfine ground states using the scattering
rate of F=3 to F’=4 transition yielded underesti-
mated N . However at a constant volume, the linear
relation of ρ vs. N remains on the same straight
line.
The atomic density of the cold cloud strongly de-
pends on the loading rate and the loss rate. The
saturated densities in Figure 2a are given by the
balance between the confining force and the multi-
ple scattering force. The first one is not harmonic
since it is the combination of the damping force
on the inbound and restoring force on the out-
bound of propagating atoms. The second is the
competition between the repulsion due to reabsorp-
tion of fluorescence photon between atoms and the
compression intensified via the shadow effect. The
FBT has demonstrated highest density within a
narrow window, 3.0 < Ic < 6.0 mW · cm−2 (Fig-
ure 2a), on the rising leg of Ic before the damped
harmonic well spilled out excessive atoms result-
ing in a sharp drop of ρ. However, the trap beam
intensity at Ic = 4.95 mW · cm−2 well maintained
the clouds in the multi-scattering regime for the
whole range of Ir imposed. The local maxima in-
cline toward increasing Ic from ρ = 0.83×109 cm−3
to 3.29 × 109 cm−3 in accordance with an average
volume of 9.60 × 10−5 cm3 narrowed down to the
middle zone of Figure 1a. In the present case, the
repump-to-trap intensity ratio has been increased
to >11 times of the magnitude generally utilized in
the standard MOT. The F=2 ground state would
be fast depleted while the Stokes Raman transi-
tion heated up atoms. As a result, no further
compression on the xy-plane was observed which is
consistent with the directional measured tempera-
tures. In contrast to the ρ − Ic relation, the cloud
density and hence N went up monotonically with
Ir. It never decreased but smoothly approached
the asymptote line corresponding to the density of
3.45× 109 cm−3 at the optimal cooling intensity.
While most physical properties of the FBT re-
semble typical MOTs, the effect of repump beams
on the number of trapped atoms is radically dif-
ferent from the Wieman-Pritchard model used to
describe an additional repulsive force arising from
multiple reabsorptions of Stokes Raman photons
in the optical thickness regime [13]. Consider the
standard MOT, the cooling process would get satu-
rated approximately a thousand times slower than
the repumper due to small leakage out of the F=3
to F’=4 cooling cycle. This implies that weak re-
pump beams are all the Doppler cooling needs and
changing the intensity of the repumper should not
affect the density of the cold cloud. On the contrary
to the FBT geometry, where cooling along all three
principal axes are off balance, the repumper plays a
role of diligent trap enhancer that could also com-
pletely suppress the trap number even at the most
efficient cooling intensity. In this work where the
maximum trap number was just 3.35× 105, by fur-
ther detuning the repump frequency at -75.4 MHz
from the F’=3 hyperfine state, the excited states
of the two lasers are well separated and the Ir−
dependence of the cloud density got amplified. Ev-
idently, further compression of the cold cloud with
growing Ir cannot be understood by integrating the
repumper heating of ~(∆ω23 − 2pi × 12 MHz) per
Stokes photon scattering as an additional repulsion
force in the rate equation. Though including all
parameters that influent the capture velocity is too
complex, strong Ir− dependence of the cloud den-
sity are expected to behave like ρ = ρ∞( IrIN+Ir )
2 di-
rectly obtained from a simple rate equation. Here,
ρ∞ represents the maximum density and IN denotes
reference intensity relating to the proportion of the
hyperfine ground-state populations inside the FBT.
We found that the repulsive force due to Stokes
photon heating does not overrule the effect of hy-
perfine ground state conversion to F=3, as a re-
sult the density increased with Ir. We deduced
IN = 0.38, 0.49, 1.01, and 1.12 mW · cm−2 in de-
scending order of Ic in Figure 2b.
To serve the purpose intended, loading of the
FORT from the FBT is straight forward when both
traps share the same pair of high NA lenses. Since
the minimum waist of the FORT is confined to the
diffraction limit of the wavelength used, only tiny
overlap volume of the two traps at the cloud center
defines the number of atoms that takes part. By
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Table 2: The intensities of repump laser required
for loading 1-6 atoms in the FORT with beam waist
of 1.2 µm.
NFORT NFBT (×103) ρFBT(×109cm−3) Ir (mW · cm−2)
1 48 0.54 0.25
2 97 1.08 0.49
3 146 1.62 0.82
4 194 2.16 1.45
5 243 2.70 2.93
6 292 3.24 11.89
7 341 3.78 -
using the FBT region with nearly constant den-
sity and the FORT with beam waist of 1.2 µm,
the overlap volume has the trap geometry pre-
scribed by 40.0 µm and 2.4 µm along the axial
and radial axes respectively. Precise 1-6 atoms may
be transferred into the FORT by varying Ir from
0.25− 11.89 mW · cm−2, where loading 7 atoms in
the FORT would require Ir > 20 mW · cm−2 which
is out of the scope of this work. Selectively trap-
ping more than two atoms in the FORT is beyond
the practical limit of the blue-detuned light-assisted
loading [14, 15]. To use the scheme illustrated in
Figure 2b, the values of Ir must be evaluated for
distinct trap conformation.
With all control parameters held fixed at er-
gonomically optimized values, our FBT demon-
strated Ic−dependent uniform volume of the cold
cloud that was not influenced by ρ and Ir up to
3.35× 109cm−3 and 17.85 mW · cm−2 respectively.
Without varying the intensity of trap beams, the
spontaneous Raman photons from an intensified re-
pump laser permits monotonous manipulation of
the cloud density from zero to the maximum den-
sity limited by the cooling power. Our tight trap
arrangement provides an alternative precision load-
ing of the FORT for cavity QED experiments. The
plausibility for independent loading of individual
FORTs in micro-trap arrays would extend the ex-
perimental range of quantum simulation on com-
plex many-body systems that demand selectable
degrees of freedom at prescribed lattice defects.
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